Rare earth metals are used as hydrogen isotope occluders and function as electrodes in neutron generator tubes. In this study, erbium dideuteride thin films have been quantitatively measured for purity in order to establish the deleterious effects resulting from film processing. These processes include deposition, hydriding, and neutron tube vacuum anneal. The data taken reveal that ~0.02 mg/cm 2 erbium metal is unavailable as the hydride due to surface oxidation and interfacial interactions between occluder metal and substrate.
INTRODUCTION
Thin film technology is important in many disciplines. A common problem encountered is the resulting purity of the deposited film. A contribution to this contamination is the interactions between the metal film and the substrate. Our particular interest is in erbium deuteride/ tritide thin films, which are used for neutron generator electrodes.
The purity of the film strongly affects the neutron output. Previous studies 1-5 have shown significant losses of metal due to surface oxidation, which in turn reduces the purity of the hydride. The total metal lost and unavailable for hydriding would also include the metal lost to the interface.
In a previous study 6 using in situ tritide erbium films the total erbium unavailable for hydriding was quantitatively measured to be -0.01 mg/cm 2. It was determined that 0.004 mg/cm 2 was consumed as surface oxide and 0.006 mg/cm 2 was lost to the interface. Subsequent neutron tube processing is expected to decrease further the purity of the hydrided erbium film. The effects of these tube processes have not yet been determined. It is the intent of this work to measure quantitatively the purity of erbium dideuteride films which have been subjected to the entire tube processing sequence, which includes an extensive vacuum anneal. The basic assumption made was that the effects of subsequent tube processing would further increase the surface oxide as compared with films which had not received this treatment. This increase in surface oxide would be reflected in the loading ratio (atoms of hydrogen isotopes/atoms of erbium) as film thickness expressed in areal density (milligrams per square centimeter) approached zero.
I. EXPERIMENTAL
A. Sample Preparation.
In this study, six film samples each were prepared at 14 different areal density levels. The film samples ranged in areal density from 0.01 to 0.5 mg/cm 2 and were made by means of electron beam deposition onto molybdenum substrates. The film sample size chosen was -2.54 cm in diameter in order to provide a large enough sample size for accurate gas and metal analysis. Immediately after deposition, purified deuterium was introduced into the vacuum chamber at 565 Pa (5 Torr) pressure to form the dideuteride. 7 These films were in situ deuterided for two reasons. First, to reduce the level of surface oxidation, s and secondly, deuteride films are less susceptible to degradation as compared to tritided films2
With the use of X-ray emission data, 13 matched film pairs were chosen with major emphasis on areal densities below 0.1 mg/cm 2. One sample of the mal~ched pair was selected for the control film, whereas the other was used as the processed film. This film was placed into a molybdenum tube envelope and subjected to vacuum anneal at 500°C for 1 h.
B. X-ray Emission. X-ray emission measurements were used to select pairs of film samples that were nearly identical over the areal density range. X-ray emission measurements were repeated after decomposing the hydrid to determine any possible metal losses due to the degassing process or to detect metal remaining on the substrate after destructive analysis.
The spectrometer used in this study was a General Electric XRD-6 operated at 50 keV 50 mA using a LiF diffracting crystal. The erbium Lal line was used for measuring the total metal. C. Gas Analysis. The erbium tritide films were thermally decomposed and the occluded gas was measured by a du Pont 21-104 mass spectrometer. The analysis procedure for this decomposition has been reported elsewhere.l° D. Total Metal Analysis. The erbium metal was quantitatively measured by atomic absorption using a Perkin Elmer 403 spectrophotometer. A nitrous oxide/ acetylene flame was used for atomization and the erbium 400.8 nm resonance line was monitored. The erbium films were quantitatively dissolved from the substrate using a dilute hydrochloric acid solution and procedure previously reported. 11 E. Experimental Procedure. In a previous study 6 it was shown that the metal unavailable for hydriding (for in situ hydrided films) resulted primarily from surface oxidation and interaction between the occluder metal and the substrate. This effect becomes more evident in the loading ratio as the film areal density approaches zero. In this work, it was expected that further film degradation would occur particularly during the vacuum anneal at 500°C for 1 h. The data verified this assumption. The vacuum conditions ranged between 6.65 × 10 -7 and 1.33 × 10 -6 Pa for this process.
II. RESULTS AND DISCUSSION
Experimental results taken on both the vacuum annealed and nonannealed specimens are presented in Table I. Also included in Table I are the calculated loading ratios from these data using deuterium only as well as both protium and deuterium. Loading ratio refers to the ratio of the hydrogen isotope atoms to erbium metal atoms.
In Fig. 1 , the x-ray intensities of the 13 erbium film pairs are plotted against their experimentally determined areal densities. As illustrated by Fig. 1 , the film samples chosen show good correlation to the x-ray intensities with virtually no scatter. Fig. 2 is a plot of the loading ratio obtained using protium plus deuterium vs the film areal densities for both annealed and nonannealed specimens. The annealed samples were selected erbium dideuteride films that were placed into molybdenum tube envelopes and subjected to vacuum anneal at 500°C for 1 h. As evidenced by the data, there is a definite loss in hydrogen isotope content for the film specimens subjected to this process. Since protium has been reported to be a variable in the film processing, 12 (e.g., hydriding, vacuum anneal), an alternative presentation of the data would be a similar plot of the loading ratio vs areal density using only deuterium. These data are given in Fig. 3 and show the gas loss resulting from vacuum anneal in a similar but more defined curve with less scatter.
To show clearly the effects of vacuum anneal, a plot showing micron liters of deuterium vs areal density is presented in Fig. 4 . A well defined linear relationship is obtained for both the control specimens and the annealed specimens. The intercept of these two curves on the areal density axis corresponds to the erbium metal that is unavailable for hydriding. The control specimens show
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Volume 34, Number 2, 1980 ~0.01 mg/cm 2 metal nonhydrided and compares well vith previous reported work. ~ The vacuum annealed ~pecimens show ~0.02 mg/cm 2 metal nonhydrided. This s more evident in Fig. 5 which is an expanded plot of the tata for the lower areal density films. The data clearly ~how that an increase of ~0.01 mg/cm 2 nonhydrided netal results from the annealing process• The total unavailable metal for the nonannealed specmen, if converted to total oxide, would be -115 A.
-Iowever, previous work s reported that -5 0 / k could be Lttributed to surface oxide for in situ hydrided films.
[~herefore, the remainder of the metal is lost to the nterface, free metal, or other compounds• For the anlealed samples, the increased metal loss when calculated Ls oxide loss is equivalent to an additional ~115/l~. This vould be in addition of the 50 A previously reported s and vould give a total oxide level for the annealed films of (65 h.
:II. CONCLUSIONS Fundamental techniques have been used to measure luantitatively the purity of erbium dideuteride thin films esulting from specific processing of neutron generator ubes.
These data are necessary in assessing the quality of .he electrode which, in turn, can affect total neutron ~utput of the generator• It has been determined that -0.01 mg/cm 2 of erbium s not hydrided for films that were electron beam deposted and in situ hydrided. These data confirm previous 'esults. 6 Measurements of the surface oxide show ap-)roximately 50/k for in situ hydrided films. This would correspond to -0.004 mg/cm 2 as erbium oxide and ~0.006 mg/cm 2 lost to the interface and/or other compounds of erbium.
The erbium film samples subjected to vacuum anneal at 500°C for 1 h exhibited a total nonhydrided metal quantity of ~0.02 mg/cm 2. This represents an additional increase of 0.01 mg/cm 2 nonhydrided metal resulting from the vacuum anneal process• If this quantity of metal were consumed as surface oxide, this would be an increase of -115/~ of oxide in addition to the 50 A already .esent on the film, or a total surface oxide level of -165
The data also show that effects of surface oxidation on the loading ratio are minimal for films with areal densities greater than 0.3 mg/cm 2 and again agree with previously reported data. ~
INTRODUCTION
Inductively coupled plasma (ICP) emission spectromety has in recent years been extensively developed as a new analytical technique for elemental analysis. 1-6 Noteworthy features of the technique include the high sensitivity for many elements, the relative freedom from chemical and ionization interference, 7' s and the wide dynamic range (about 5 orders of magnitude). Further-
